A prospective fate map of the late gastrulation mouse primitive streak has been charted in 8.5 dpc mouse embryos developed in culture, using the lineage marker DiI to label groups of cells. As at earlier stages, the fate of cells in the 8.5 dpc primitive streak is regionalised such that successively more caudal regions of the streak give rise to more lateral mesoderm. While most labelled cells over a 24 or 48 h culture period exit from the primitive streak, some are consistently found to remain within it. The most conspicuous resident population is present in the node. To determine when ingression of ectoderm through the streak ceases, ectoderm cells of the streak and posterior neuropore of 8.5-10.0 dpc embryos were labelled. Involution of surface cells to form mesoderm continues until closure of the posterior neuropore but is not seen thereafter.
I. Introduction
As in other vertebrates, gastrulation in the mouse embryo leads to the formation of embryonic mesoderm in a rostrocaudal sequence, dependent upon the time at which cells pass through the primitive streak. Those which pass through the primitive streak early during gastrulation give rise to cranial mesoderm (Lawson et al., 1991) . Later, mesoderm emigrating from the primitive streak forms the axial, paraxial and lateral mesoderm of the anterior trunk (Tam and Beddington, 1987; Lawson et al., 1991; Smith et al., 1994) . With respect to the mediolateral axis more caudal regions of the streak give rise to progressively more lateral mesoderm (Beddington, 1981; Tam and Beddington, 1987; Lawson et al., 1991; Smith et al., 1994) . Post-gastrulation, posterior extension of the axis continues due to supply of the requisite mesodermal tissue from the tail bud. Classically, the generation of anterior trunk mesoderm by the ingression of cells from the epiblast (termed primary body formation) has been viewed as distinct from the direct generation of mesoderm by the tail bud (secondary body formation; Holmdahl * Corresponding author. 1925 * Corresponding author. , 1951 . Recently, however, evidence that the two processes share mechanistic features has come from studies in Xenopus and chick, where fate maps of the blastopore lip and primitive streak during gastrulation are shown to be topologically similar to those for the tail bud (Gont et al., 1993; Catala et al., 1995; Tucker and Slack, 1995a) . In addition, genes expressed in regions of the streak continue their expression in subpopulations of the tail bud (Gont et al., 1993) , and the descendant of the Xenopus dorsal blastopore lip, the chordoneural hinge, retains Spemann organiser activity (Gont et al., 1993; Tucker, 1995b) . Thus, production of mesoderm by ingression during gastrulation and its formation in situ in the tail bud may represent a continuum of the same process.
The dynamic relationship between the primitive streak and the tail bud in mammals has not been studied directly. In the mouse, little is known about the organisation of the post-egg cylinder primitive streak and tail bud with respect to cell fate. Ingression of cells via the primitive streak from the epiblast continues until at least the 6-somite stage, but by this time there is also evidence for a resident cell population within the primitive streak mesoderm (Tam, 1986; Tam and Beddington, 1987; Tam and Tan, 1992) . Cells in the tail bud are able to contribute to trunk mesodermal structures when grafted into the primi-0925-4773/96/$15.00 © 1996 Elsevier Science Ireland Ltd. All rights reserved 80 V. Wilson, R.S.P. Beddington / Mechanisms of Development 55 (1996) 79--89 tive streak of earlier embryos (Tam and Tan, 1992) indicating some degree of equivalence. Tam and Tan (1992) have suggested that those cells which were resident in the streak at gastrulation stages eventually become the stem cell-like population of the tail bud supplying mesoderm for axis elongation. It is therefore important to determine whether late primitive streak cells do become incorporated into the tail bud and to determine when ingression of the epiblast ceases, and tail bud mesoderm becomes the sole source of posterior body mesoderm. On morphological grounds, the most caudal ectoderm and mesoderm of the posterior neuropore has been termed 'primitive streak' until its closure at about 30 somites (10.5 dpc), since it retains an epithelial-mesenchymal interface similar to that of the primitive streak (Tam and Tan, 1992) . However, there is no direct evidence that it continues to function as a conduit for the ingression of cells at these later stages.
To investigate the morphogenetic events leading to tail bud formation in the mouse, we have used topically applied lipophilic dye as a lineage tracer to address two issues. Firstly, we have undertaken to fate map the 8.5 dpc primitive streak, to determine whether it is regionalised in a similar manner to that of earlier gastrulation stage embryos and to assess the extent of its resident cell population. Secondly, we have determined when recruitment of cells from the ectodermal (epiblast) layer to the caudal mesoderm ceases.
Results

Efficacy of labelling and culture
All the 8.5 dpc day embryos used in this study (n = 63) developed normally in culture. Using the number of somites formed in vitro as a measure of the normal extension of the posterior axis, a mean of 12.2 _+ 2.16 somites were formed after 24 h of culture, and 24.75 _+ 0.96 (n = 4) somites formed after 48 h of culture. This is consistent with previous results from in vitro culture (Tam and Beddington, 1987) and the number of somites formed in vivo over this period (Kaufman, 1992; Tam and Tan, 1992) . Most embryos (n = 62; 98.4%) which had received a DiI injection contained labelled cells after 24 or 48 h of culture. All 13 embryos labelled at 7.5 dpc developed normally and contained labelled cells after 24 h in vitro. After labelling and culture for 24 h, 10.5 and 11.5 dpc tail pieces, consisting of the caudal portion of the embryo up to the penultimate somite formed, underwent axial extension adding a further 9.85 _ 1.39 somites (n = 20) . This is also consistent with the number of somites formed in vivo and in vitro during this period, although the somites formed were somewhat smaller than their in vivo counterparts, as observed in previous cultures at these stages (Tam, 1986) .
Fate mapping the 8.5 dpc primitive streak
The primitive streak in the 3-8 somite embryo lies in the posterior third of the embryo and is underlain ventrally by a single layer of endoderm. It is bounded rostrally by the node and caudally by the base of the allantois. At this stage both the node and caudal primitive streak are accessible for accurate injection of lineage label ( Fig. 1A and 2) . To ascertain the fate of cells in the primitive streak and node of embryos at this stage, DiI was injected into four sites: the ventral node, dorsal + ventral node, anterior streak, and posterior streak, represented diagrammatically in Fig. 1A . After the 8-somite stage, not only does the hindgut endoderm begin to obscure the ventral aspect of the primitive streak, but also the streak itself folds such that its caudal end comes to lie ventrally, thus forming the tail fold. As a result, labelling the streak at 8-12 somites (tail fold streak) is likely to label both rostral and caudal portions. The distribution of labelled descendants was assessed after 24 or 48 h according to the tissue subdivisions illustrated in Figs. 1B and C. The most anterior limit of labelled cell distribution was measured relative to the most recently formed (i.e. most caudal) somite and the presence or absence of cells in the primitive streak or tail bud mesoderm (PS/TBM) recorded.
Ventral node
From inspection of intact embryos, labelled cells in the ventral layer of the node gave rise almost exclusively to cells in the axial midline in all 10 embryos labelled, irrespective of the length of the culture period (Fig. 3A , Table 1). All sections scored contained labelled cells in the notochord (AXM; Fig. 3B , Table 2 ) and the only other tissue consistently labelled was the most dorsal aspect of the hindgut endoderm (60% of sections examined). These cells may have arisen from the ventral node itself, or from the adjacent endoderm. For this experiment, and all subsequent ones, the assessment of tissue distribution in intact embryos provided an accurate assessment of the major tissues labelled after culture and was invariably confirmed histologically. In all cases where a particular tissue was labelled in 61-100% of sections examined that tissue also contained a large percentage of labelled cells (>50%). Tissues labelled in fewer sections (60% or less) contained many fewer labelled cells and thus represent observed alternative fates of only a minority of the cells labelled initially. Furthermore, some of this minor labelling is probably due to occasional leakage of dye into the amniotic cavity. Therefore, in general, tissues labelled in less than 20% of sections are unlikely to represent genuine cell fates.
Dorsal + ventral node
Descendants of labelled cells in both dorsal and ventral layers of the node were found in notochord, dorsal endo-V. Wilson, R.S.P. Beddington / Mechanisms of Development 55 (1996) Tables 1 and 2) . However, over 60% of sections examined contained labelled cells in neurectoderm (Table 2) . This is consistent with previous data showing that the floorplate is descended from cells in the dorsal node (Sulik et al., 1994) . However, although labelled cells were observed predominantly in ventral neurectoderm, this area extended much more dorsally than the floorplate (Fig. 3D ). These cells may have arisen from the areas immediately adjacent to the node in the prospective neurectoderm. The presence of labelled cells in the ectoderm of the posterior neuropore after culture also suggests that cells in or immediately adjacent to the dorsal node may comprise a population serving as a continuous source of nascent neurectoderm. A smaller proportion of sections (19.7%) contained labelled cells in paraxial mesoderm.
Anterior streak
Descendants of cells labelled in the anterior streak, which lies directly behind the node, were found predominantly in the paraxial mesoderm ( Fig. 3E,F ; Tables 1 and  2 ). In section, many of the tissues generated by cells in the anterior streak were common to those produced by the dorsal/ventral node region (Table 2) . However, after labelling anterior streak, a much higher proportion of sections contained labelled cells in paraxial than axial mesoderm (97.5% in paraxial mesoderm versus 56.6% in axial mesoderm), while the converse was true of the dorsal + ventral node label (97.4% in axial mesoderm versus 19.7% in paraxial mesoderm). Labelling in ectoderm was found in both the primitive streak and posterior trunk neurectoderm. Few descendants of anterior primitive streak cells were found in the endoderm (10% of sections examined), Descendants of anterior streak cells were never found in lateral or ventral mesoderm, either at the level of the primitive streak or further forwards.
Posterior streak
More variation was observed between 4-7 somite stage embryos which had received a label in the posterior streak than any of the labelled sites described so far (Tables 1 and 2 ). Of the three embryos analysed histologically, one contained no labelled cells in lateral mesoderm, while the other two contained labelled cells in both paraxial and lateral mesoderm. Taken together with the results from labelling anterior streak, this indicates that progenitors of paraxial mesoderm at this stage are located in the anterior two-thirds or more of the primitive streak, while progenitors of lateral mesoderm are found in the posterior third or less of the streak. Most of the labelled cells in somitic mesoderm were located on the dorsolateral side of the somites (data not shown), whereas the majority of those generated by labelling the anterior streak were located medially. This is consistent with previous labelling studies in chick (Selleck and Stern, 1991) . 82 v. Wilson, R.S.P. Beddington / Mechanisms of Development 55 (1996) [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] A rather high proportion o f sections contained labelled cells in both dorsal and ventral regions of the hindgut (70.4%), while no labelled cells were observed in the notochord.
Tail fold streak
Cells labelled at the 8 -1 2 somite stage gave rise to de- and (H) am the wholemount and transverse section from the same embryo. Embryos and sections were photographed using a double exposure to superimpose the fluorescent and brightfield images, tb, tail bud; p, paraxial mesoderm; ps, primitive streak n, neurectoderm; g, hiodgut; 1, lateral mesoderm, a, allantois. Filled arrow, notochord. Scale bar in (A,C,E,G) 200/~m; in (B,D,F,H) 100/zm. scendants in either paraxial or lateral mesoderm, and only one embryo contained label in both tissues (Table 1) . At this stage, because of the anatomy of the streak in the tail fold, the site of injection will inevitably be less accurate compared with earlier stages. Nonetheless, 4 o f 5 labelled V. Wilson, R.S.P. Beddington / Mechanisms of Development 55 (1996) 79-89 1 Abbreviations correspond to those in Figure 1 2 Primitive streak or tailbud mesoderm 3 Anterior level given as mean number of somites anterior to the most caudal somite 4 Widespread, diffuse label in ectoderm (due to dye leakage into the amniotic cavity) 5 Label in caudal endoderrn only Table 2 Relative distribution of labelled cells after labelling node or primitive streak and further development in culture for 24 h Wilson, R.S.P. Beddington / Mechanisms of Development 55 (1996) 79-89 embryos did not show overlap in mesoderm derivatives and the generation of paraxial mesoderm predominated over contribution to lateral mesoderm. Thus, some regionalisation of the streak with respect to cell fate must still persist. No descendants of cells labelled in the primitive streak at any of these stages (4-12 somites) were observed in extraembryonic mesoderm.
Site of labelling
Rostrocaudal extent of labelling
A high proportion of the embryos from both primitive streak and node labellings (83.3% and 85.0%) retained labelled cells in the most caudal mesoderm after culture for either 24 or 48 h (Table 1) . Labelled descendants of cells in the node formed a continuum from an anterior limit in the trunk (Table 1) to a posterior limit in the dor- (Fig. 3A,C) . In section, the majority of these caudal cells populated the axial primitive streak or tail bud mesoderm, posterior to the morphologically distinct notochord (Table 2) .
Labelled descendants of cells in the anterior streak were often located in distinct, discontinuous regions indicating non-random cell mixing. Frequently, the majority of labelled cells was located in the presomitic and somitic mesoderm, while a smaller proportion of cells was located in the primitive streak or tall bud mesoderm (Fig. 3E) . In section, labelled cells were found in both axial and paraxial primitive streak mesoderm (65% and 75% of sections, respectively). However, unlike node labelling, in none of the embryos did labelled cells constitute most of the primitive streak mesoderm in any one particular region. These results are consistent with the proposal that only a small subpopulation of the primitive streak consists of resident cells, while most cells in the streak are destined to exit from it (Tam and Tan, 1992) . In contrast, after labelling posterior streak, the highest proportion of cells was located ventrally in the primitive streak itself (Table  2 ; Fig. 3G ), indicating that the posterior streak either contains a higher proportion of resident cells or nascent mesoderm exits from this region more slowly. The anterior limit of cells from anterior streak labellings was on average 1.47 somite lengths more rostral than that for posterior streak labellings, a distance which approximates to the length of the primitive streak. Thus, the difference between the anterior limit of labelled cells derived from the anterior as opposed to the posterior streak can be accounted for by the length of the streak itself. On the other hand, the rostral boundary of label in paraxial and lateral mesoderm was similar in two sectioned embryos which gave rise to both these tissues following posterior streak labelling. The most anterior location of labelled descendants of both the anterior and posterior streak was at least 4 somite lengths behind that observed for node derivatives (Table 1) . This may reflect a slower exit of cells from the streak relative to that from the node, or a difference in the degree of convergent extension (Keller et al., 1992) .
Labelling the ectodermal surface
To test when ingression of cells from the ectoderm through the primitive streak ceases, the ectodermal surface was labelled in a series of stage-matched 8.5 dpc embryos and 9.5-11.0 dpc tail pieces. After 24 h of culture, intact embryos were assessed for the presence of cells in the primitive streak or tail bud mesoderm (Table  3) .
7.5 dpc amniotic cavity label
As a positive control, the amniotic cavity of 6 embryos at 7.5 dpc was labelled and embryos cultured for 24 h. At this stage, the ingression of cells from the ectoderm has been followed using colloidal gold conjugated with wheat germ agglutinin as a lineage label (Tam and Beddington, 1987) . In these experiments, embryos formed approximately 6 somites in culture and most embryos contained labelled cells extending from the posterior mesoderm up to the 5th somite (>90% of embryos). More anterior lev-86 V. Wilson, R.S.P. Beddington / Mechanisms of Development 55 (1996) [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] els were less frequently labelled (40% of embryos labelled in the 2nd somite). Our results are consistent with this data, since embryos formed 5-6 somites over the 24 h culture period, and label in posterior mesoderm was observed in all embryos in wholemount. This label extended from the primitive streak to a rostral limit between the third and sixth somite. Out of four embryos sectioned at this stage, as expected, all contained labelled cells throughout the ectoderm but only in posterior regions of the mesoderm (Fig. 4A,B) . Table 3 details the results from labelling the posterior ectodermal surface of early somite stage embryos and tail pieces from embryos at stages spanning the time of posterior neuropore closure (around the 30 somite stage). Most embryos and tail pieces labelled prior to posterior neuropore closure contained labelled cells in posterior mesoderm (Table 3 ; Fig. 4C-H ),• and no obvious difference was observed in the distribution of label between these age groups (Table 3 ). In contrast, once the posterior neuropore had closed, no contribution of labelled cells to mesoderm was observed (Table 3 , Fig. 4I,J) , and very few labelled cells were observed in neurectoderm, most of which were located at its caudal extreme.
8.5-11.5 dpc posterior ectoderm label
The distribution of labelled descendants in the surface ectoderm of embryos labelled at early somite stages showed strong labelling in the ventral midline surface ectoderm, including the ventral ectodermal ridge (Fig.  4E) . In contrast, very little surface ectoderm labelling was observed when the surface of the posterior neuropore was labelled (Fig. 4G,H) .
Discussion
A fate map of the primitive streak at early-somite stages
A fate map of the primitive streak up to the 12 somite stage, constructed from our results, is shown in Fig. 5 . Since groups of cells, rather than single ones were labelled, no information regarding the lineage restrictions of individual cells can be deduced. At earlier stages individual cells in the streak have been shown to be multipotent (Lawson et al., 1991) . The overlapping cell fates apparent between adjacent labelling sites in the later streak may be due to enduring clonal multipotency, although it could also be explained by labelling populations composed of cells with differing potencies.
The tissue which shows the most restricted fate is the ventral node, which invariably gives rise to notochord and, at a much lower frequency, to dorsal hindgut endoderm. Labelling both dorsal and ventral layers of the node gives rise to additional labelled descendants in the ventral neurectoderm, thus identifying the dorsal layer of the node as the progenitor of ventral neurectoderm. Con- versely, labelling the primitive streak ectoderm (which includes dorsal node) generates some labelled axial mesoderm (Fig. 3 , Table 2 ), indicating continued recruitment of dorsal cells into the ventral layer of node. The anterior third of the streak gives rise predominantly to paraxial mesoderm, although there is some overlap between the distribution of descendants from the entire node and those from the anterior streak. Neither the node nor the anterior streak gave rise to lateral mesoderm. Thus, the fate map for the anterior aspect of the 8.5 dpc primitive streak corresponds exactly to that of the equivalent region a day earlier (Beddington, 1994; Smith et al., 1994; Tam and Beddington, 1987) . Howev.er, the fate map of the 8.5 dpc caudal primitive streak deviates from that of earlier stages. Up to 7.5 dpc, the posterior end of the streak gives rise to lateral and extraembryonic mesoderm (Tam and Beddington, 1987; Lawson et al., 1991; Smith, 1994) . As reported previously (Tam and Beddington, 1987) , no contribution of 8.5 dpc primitive streak cells to extraembryonic mesoderm was observed. Moreover, the posterior third of the 8.5 dpc primitive streak now contains progenitors of paraxial mesoderm, and if anything, these appear to predominate over lateral mesoderm precursors (Table 1) . This suggests that progenitors of paraxial mesoderm comprise a much greater proportion of the 8.5 dpc primitive streak compared to their concentration in the rostral quadrant of the 7.5 dpc streak (Beddington, 1981; Smith et al., 1994) . It would also explain why orthotopic grafts to unspecified sites in the 8.5 dpc streak generated much more paraxial mesoderm than lateral (Tam and Tan, 1992) .
There are three possibilities, which are not mutually exclusive, to explain the relative deficiency of descendants in lateral mesoderm after labelling the posterior streak. Firstly, the source of nascent lateral mesoderm in the streak by this stage may be small and localised. Secondly, at this stage lateral mesoderm may expand largely by proliferation of pre-existing lateral mesoderm. Thirdly, the egression of lateral mesoderm from the streak may be much slower than that of paraxial mesoderm. However, in the two embryos labelled in the posterior primitive streak which gave rise to both paraxial and lateral mesoderm there was no difference in the rostral limit of labelling in these two mesodermal tissues. Thus, lateral and paraxial mesoderm appear to emigrate at the same rate from this region of the streak. Consequently, the dearth of labelled lateral mesoderm is most likely due to the small size of its founder population in the streak at this stage.
Origin of the hindgut endoderm
from the rest of the surface ectoderm either in its lineal origin or rate of cell division. Results from a chimeric analysis of Brachyury mutant cells, which are deficient in their ability to exit from the primitive streak (Wilson et al., 1995) , show that one site of mutant cell accumulation is the ventral midline surface ectoderm. Therefore, it is likely that the ventral surface ectoderm of the tail bud, including the ventral ectodermal ridge (Griineberg, 1958) , is derived from the caudal extreme of the ectodermal surface of the 8.5 dpc primitive streak.
Appreciable numbers of labelled gut endoderm cells were observed only when the posterior streak was labelled. Since all three germ layers are labelled when DiI is injected into this region, these cells may be derived from existing caudal endoderm. Labelling the node gives rise to labelled cells in dorsal endoderm, but the small number of labelled progeny observed cannot account for the growth of endoderm required to generate the hindgut diverticulum. Selective labelling of the posterior ectoderm results in very few labelled progeny in endoderm (Table 3 ) in contrast to fate maps at earlier stages, where embryonic endoderm arises from the epiblast of the anterior primitive streak (Lawson and Pedersen, 1987; Lawson et al., 1991) . Thus neither the primitive streak ectoderm nor the node appear to persist as a major source of endoderm. This corresponds to the failure of headfold stage rat ectoderm to generate gut derivatives in experimental teratomas (Levak-Svajger and Svajger, 1974) .
Morphological analysis has been used to assign a common precursor to the notochord and endoderm in the rodent tail (Gajovic et al., 1989 (Gajovic et al., , 1993 . However, our results suggest that by the early somite stage the endoderm, and particularly the progenitors of the ventral gut, appear to exist predominantly as a separate tissue lineage. Such an interpretation is supported by the histogenic capacity of the tail bud, which gives rise to ectodermal and mesodermal derivatives but no gut epithelium when transplanted beneath the kidney capsule (Tam, 1984) . Likewise, explants of the chick tail bud mesoderm in vitro did not give rise to identifiable endodermal derivatives (Griffith, 1991) . Finally, fate mapping of the chick tail bud shows that precursors of the notochord in the tail bud mesoderm do not give rise to endoderm cells (Catala et al., 1995) .
Surface ectodermal lineages
In Xenopus, the caudal surface ectoderm appears to grow by expansion of pre-existing surface ectoderm (Tucker and Slack, 1995a) . After labelling the 8.5 dpc primitive streak ectoderm, some labelling is seen in caudal surface ectoderm as expected but most striking is the ventral bias in this labelling and in particular the high intensity of labelling within the ventral midline ectoderm. This suggests that the ventral surface ectoderm differs
Ingression and resident cells in the primitive streak and node
This study has demonstrated that involution movements occur through the late primitive streak, up to the time of posterior neuropore closure. Only after closure of the posterior neuropore and the disappearance of the morphologically distinct ectoderm/mesoderm interface do these movements cease. This contrasts with the situation in Xenopus, which has ceased involution movements by stage 13 (Gont et al., 1993) , approximately equivalent to the head fold stage in mouse.
Most of the embryos labelled in the primitive streak and node at 8.5 dpc retain labelled cells in the primitive streak and tail bud, even after 48 h development in vitro (Tables 1 and 2 ). The existence of resident cells in the primitive streak and node has been repeatedly inferred from labelling and grafting studies on both early (Snow, 1981; Tam and Beddington, 1987; Lawson et al., 1991; Smith et al., 1994) and late (Tam and Tan, 1992) embryos. However, it is difficult to prove the full duration of their persistence in the streak due to the limited time span of normal development in vitro, and it remains a possibility that these apparently resident cells are merely delayed in their exit from the primitive streak. Two lines of evidence favour the existence of stem-cell like populations in the late primitive streak. First, isolated posterior primitive streak fragments are capable of limited autonomous development (Snow, 1981) . Second, orthotopic grafts of posterior ectoderm adjacent to the 7.5 dpc primitive streak generate exclusively neurectoderm (Tam, 1989) . Therefore, the population of ingressing cells in the streak is not supplied by a large surrounding epiblast domain and some self-renewal must be occurring.
In summary, the nature and fate map of the later mouse primitive streak and its development into the tail bud corresponds closely to the situation in Xenopus (Gont et al., 1993; Tucker and Slack, 1995a) and chick (Catala et al., 1995) . In Xenopus, the chordoneural hinge of the tail bud, which retains Spemann organiser activity, is descended directly from the dorsal blastopore lip (Gont et al., 1993; Tucker and Slack, 1995b) . The mouse node exhibits organising activity at 7.5 dpc (Beddington, 1994) and exhibits lineal continuity from the onset of gastrulation to neural plate stages (Lawson et al., 1991) and from 88 V. Wilson, R.S.P. Beddington / Mechanisms of Development 55 (1996) 79--89 7.5 dpc to early somite stages (Beddington, 1994) . Here we show that this continuity of lineage persists from early somite stages into the tail bud, arguing for substantial self-renewing properties in the node from at least 6.5-10.5 dpc. Therefore, it is likely that descendants of the node, or its equivalent, in all vertebrates are responsible for patterning the mesoderm that emerges from both the primitive streak and the tail bud. If this is so, tail bud mesoderm as a tissue in isolation may appear multipotent (Tam, 1984; Krenn et al., 1990; Griffith et al., 1992; Tam and Tan, 1992) , but in situ is always subject to the organising influence of the node producing a topographically consistent fate map from the beginning to the end of axis elongation (Gont et al., 1993; Catala et al., 1995; Tucker and Slack, 1995a) .
Experimental procedures
Dil labelling
Embryos for labelling were derived from matings of C57B1/10 females with CBA males, maintained in a 10 h light/14 h dark cycle. Noon on the day of finding a vaginal plug was designated 0.5 days post coitum (dpc). Embryos were dissected from the uterus as described (Beddington, 1987) in M2 medium containing 10% foetal calf serum (Advanced Protein Products) instead of bovine serum albumin. DiI (1, l'-dioctadecyl-3,3,3',3'-tetramethyl indocarbocyanine perchlorate, Molecular Probes, Inc.) was used as a fluorescent lineage label at a concentration of 0.05% in 0.3 M sucrose as described (Ruiz i Altaba et al., 1993) to label groups of cells. A Sutter pipette puller was used to prepare glass injection micropipettes whose ends were broken in a dissection microscope to a diameter of 15-20/~m immediately prior to use. Groups of cells in the embryo were labelled manually while viewed in a dissecting microscope. Fig. 1A shows diagrammatically the sites labelled in the 8.5 dpc embryos.
Labelling the 8.5 dpc primitive streak and node
Cells in the anterior and posterior streak and in the dorsal + ventral node were labelled by inserting the micropipette into the tissue itself and blowing gently until a small amount of dye was visible at the site of injection. Labelling cells in the dorsal node inevitably resulted in cell labelling in the ventral layer of the node (Fig. 2B) . In contrast, exclusive labelling of the ventral node ( Fig. 2A) was effected by depositing dye on the outer surface of the node, rather than injecting into it (Beddington, 1994) . The embryo was held with one pair of forceps such that the node, which by this stage forms a deeply indented hiatus in the endoderm (Sulik et al., 1994) , was facing upwards. A small amount of dye was then expelled from the pipette, whose tip was positioned immediately above the node, while the embryo held still for a few seconds. Any remaining unincorporated dye was flushed off the surface using a large volume of M2 blown from a second micropipette with a diameter of approximately 30/tm.
Labelling the ectodermal surface
The amniotic cavity at 7.5 dpc was labelled by inserting a micropipette at the embryonic-extraembryonic junction, extracting most of the amniotic cavity fluid before using a separate pipette to inject DiI solution into the cavity. After withdrawal of the labelling pipette the embryo was kept immobile for several seconds before dye solution was aspirated from the cavity. The amniotic cavity was then flushed several times with M2, using a fresh micropipette. The primitive streak ectoderm at 8.5 dpc was labelled by positioning the embryo such that the primitive streak ectoderm lay facing upwards and the injection pipette was inserted via the lateral junction between the embryonic and extraembryonic regions. Dye was expelled from the pipette positioned immediately above the primitive streak ectoderm, the pipette withdrawn and the cavity subsequently washed as described above. The surface of tail fragments from later stage embryos were first dissected free of the embryo and then similarly labelled.
Embryo culture
Embryos on the 8th and 9th day of gestation were cultured for 24 h in Dulbecco's modified Eagle's medium (Hyclone) containing 50% adult rat serum in roller bottles as described previously (Beddington, 1987) . Embryos cultured for a further 24 h, and posterior fragments isolated on the tenth or eleventh day of gestation were cultured in 75% rat serum gassed with 40% 02, 5% CO 2, 55% N 2.
Fixation and examination of intact embryos
Embryos were dissected free of extraembryonic membranes and fixed in 4% paraformaldehyde in PBS for at least 1 h at 4°C prior to examination. After mounting the embryos in shallow cavity slides (Fisons) under coverslips, the distribution of labelled cells in wholemount was assessed using a rhodamine epifluorescence filter set and viewed in bright field using differential interference contrast optics on a Zeiss Axiophot microscope. Embryos were photographed using Kodak 1600P film.
Sectioning labelled embryos
Preliminary experiments showed that photo-oxidation of DiI (Ruiz i Altaba et al., 1993) , which theoretically would have allowed precise cell counts to be made of labelled cells in sections, was very inefficient on embryos at these stages and produced unacceptably high background in blood cells. As an alternative, embryos which had been fixed in paraformaldehyde for at least 24 h were incubated in OCT cryoembedding compound (BDH) at 4°C for 1 h, oriented and frozen on dry ice. They were stored at -80°C prior to further processing. Embryos were sectioned at 10/zm on a Bright cryostat, the sections mounted under coverslips in 50% glycerol in PBS and examined microscopically within 6 h.
